Abstract. Unintentionally doped homoepitaxial InSb films have been grown by liquid phase epitaxy employing ramp cooling and step cooling growth modes. The effect of growth temperature, degree of supercooling and growth duration on the surface morphology and crystallinity were investigated. The major surface features of the grown film like terracing, inclusions, meniscus lines, etc are presented step-by-step and a variety of methods devised to overcome such undesirable features are described in sufficient detail. The optimization of growth parameters have led to the growth of smooth and continuous films. From the detailed morphological, X-ray diffraction, scanning electron microscopic and Raman studies, a correlation between the surface morphology and crystallinity has been established.
Introduction
In recent years, numerous advances have been made to grow InSb as lattice-matched and strained epilayers for various device applications. New materials like InTlSb have also opened up further possibility of their utilization in long wavelength IR region. Although there have been some reports on the preparation of InSb based epilayers by various methods (Caroll and Spivac 1966; Noreika et al 1981 Noreika et al , 1983 Bosch et al 1985; Chiang and Bedair 1985; Webb et al 1994) , the fabrication of InSb based devices using liquid phase epitaxy has been carried out by relatively a few workers (Melgailis and Calwa 1966; Kumagawa et al 1973) . In fact, the growth of InSb is impeded due to the wetting problem of the substrate resulting from the fast oxidation of the InSb surface. This leads to poor surface morphology of the grown layers and in turn poor interface quality of the devices grown on them. Recently, studies carried out on the growth of InSb and InTlSb epilayers using liquid phase epitaxy (LPE) from single phase solution technique showed that this problem could be solved to a large extent by properly selecting the growth temperature and the mode of growth. During the process of optimizing the growth conditions, interesting surface structures and morphologies exhibiting well defined facets were observed depending on the growth conditions. In this paper, detailed studies on nucleation and morphology of InSb epilayers grown at various temperatures from indium-rich solutions combining the two different modes of growth viz. ramp cooling and step cooling modes, are presented. The important growth parameters which were selected for the studies were growth temperature, cooling rate and growth duration. Other experimental parameters like initial heating rates, homogenization time, post-growth cooling program, substrate dimensions, solution height, etc were kept constant in all the runs.
Experimental
LPE growth was carried out in graphite crucibles placed in a quartz reactor tube which is resistively heated by a single-zone isothermal furnace. The conventional horizontal boat with a slider fabricated from high density graphite was used in the experiments. The graphite boat assembly was cleaned by standard procedures. The reactor tube was also subjected to proper chemical cleaning to get rid off various contaminants. Epitaxial layers were grown on (110) oriented InSb substrates (polished wafer thickness, 450-500 µm) prepared from bulk single crystals grown using horizontal and vertical Bridgman techniques.
As mentioned earlier, two growth routines were used for our experiments: the ramp cooling and step cooling modes. In both the cases, two-phase solution technique was employed wherein the solution containing a floating substrate remained present during the entire period of growth on the seed substrate. In a typical experiment, indium and indium antimonide were taken in solution wells of dimensions 6 × 6 × 8 mm 3 , in weight ratios as prescribed by the solubility curve at the desired saturation temperature. At times the graphite boats with cylindrical *Author for correspondence bins with 8 mm diameter were also used. The freshly prepared substrates were inserted in the slots made on the slider. Then the solution temperature was increased above the growth temperature and baked for sufficiently long time and allowed to homogenize for an optimum period of 6 h in ultra-pure hydrogen ambient. In a ramp cooled mode, the growth was initiated by bringing the substrate under the solution and cooling it at the preset rate. The cooling was stopped at the termination temperature and the growth took place during this interval under controlled conditions. Growth was terminated by removing the substrate from under the melt by pulling the slider. In the case of step cooling growth mode, the fast precipitation often led to nonuniform film growth. This was mainly due to the sudden increase in supersaturation level caused by the abrupt decrease in temperature. To overcome this problem, another equilibrium seed was introduced prior to the actual substrate. The introduction of this extra substrate helped to bring down the supersaturation of the solution to the required level. Next, the real substrate was moved in place of the equilibrium seed substrate for the actual controlled growth. In the ramp cooling mode, the cooling rate was varied in steps of 5° from 5°C/h to 25°C/h, whereas the growth duration was varied in steps of 0⋅5 h from 0⋅5 h to 2 h for each growth temperature. Similarly, in our step-cooling growth experiments, a supercooling, (∆T) in the range of 10-20°C below the solution liquidus temperature was employed while the growth duration (t G ) was varied in steps of 0⋅25 h from 0⋅25-0⋅75 h in each case. After the growth, the furnace was moved from the boat region by sliding it on rails, thereby facilitating the cooling of the system at a faster rate. The thickness of the epitaxial layers were measured using a point probe. The surface morphology of the layers was examined using the Leitz-orthoplan microscope in reflection mode. The structural quality of the grown epilayers were also assessed on the basis of Raman spectra, X-ray diffraction peaks and scanning electron microscopy (SEM).
Results and discussion

Ramp cooling
The surface morphology of LPE grown layers are affected by several factors like substrate preparation, extent of thermal degradation of the substrate prior to growth, inadequate wetting and non-uniform melt back, phase changes due to high impurity levels, degree of melt supersaturation, growth temperature, constitutional supercooling, etc (Mattes and Route 1974; Holmes and Kamath 1980) . The selection of proper growth temperature is quite important as the high growth temperature enhances the antimony volatilization from the solution whereas at low temperatures, closer to indium melting point the solution viscosity is high, which influences the melt contact angle with the substrate and affects wetting of the substrate. It was seen from our experiments that, the first visible surface features were observed for growth initiated at ~ 380°C. A large number of ripples and usual wavy like patterns were observed (see figure 1a) for a ramp rate (R) of 10°C/h. Then keeping the growth temperature constant, the experiments were repeated for various ramp rates and growth duration and no improvement was seen. Next the growth temperature was increased in steps of 10°C, and growth runs were repeated by changing other two parameters viz. ramp rate and growth duration. It was seen that at 390°C, with a ramp rate of 10°C/h, and for a growth duration of 1 h, the lateral spreading of the ripples was observed on the film surface ( figure 1b) . Thereafter, several growth runs were made for each selected growth temperature by varying the ramp rate and growth duration in order to reach feature-free smooth epilayers. At 420°C, continuous film spreading across the field of view was observed. However, the film was slightly warped and exhibited a few pits and inclusions, as can be seen from figure 1c .
In an effort to overcome these defects and to get smooth and continuous film the growth temperature (T G ) and duration were carefully varied in turn. It was observed that for T G = 425°C, R = 25°C/h and a growth duration of 120 min, a smooth and continuous film with large coverage was obtained. During this period a supercooling of 43⋅7°C had occurred and a continuous epilayer of thickness, 25 µm, had grown although a few indium droplets were left on the surface during the wiping action of the slider (figure 1d). X-ray diffraction spectrum in figure 1e shows apart from a reflection from (220) planes a strong reflection from (101) planes of elemental indium also. It is worth noting that even though an optimum growth temperature plays a vital role on the morphology of the epilayer, cooling rate and hence the level of supersaturation should be fine tuned in order to avoid undesirable surface features on the grown films. In fact, while trying out intermediate cooling rate and supersaturation levels, various surface features were obtained. Figure 2 shows one such terrace structure with a large number of steps bunching out. In this case, the growth was initiated at 400°C with a ramp rate of 15°C/h for 30 min. The layer was ~ 44 µm thick. When the ramp rate (R) was gradually increased above 15°C/h by keeping growth temperature and growth duration constant, a few terrace structures along with additional wavy-pattern were observed. A large number of ridges, valleys, inclusions, pits and voids are seen across the surface area (see figure 3 ). This film was grown at 400°C with a ramp rate of 20°C/h (t G = 30 min). The depressions and voids could be due to various microparticles or microcrystals in the melt. The InSb microcrystals for instance were frequently nucleated in the supercooled In-InSb solution. This was verified by taking SEM on a substrate surface which showed a large number of crystallites of size of the order of 10 µm (figure 4).
